Introduction
45,X testicular disorder of sex development (DSD) is a very rare disorder. It usually results from Y/ autosomal translocations or insertion [1] [2] [3] . The frequency of Y/ autosome translocations in the general population is generally low occurring in about 1 in 2000 [4] .
Y/ autosome (Y;A) translocations are usually balanced and segregate in families with minimal effects on the phenotype [4] [5] [6] . On the other hand, unbalanced Y;A reciprocal translocations commonly present with infertility and azoospermia [7] [8] [9] . Some patients may present with other presentations related to abnormal sex chromosme dosage as ambiguous genitalia, short stature, and some of the Turner syndrome features. Others may have congenital malformations, and mental subnormality depending on the genes involved in the autosome [2, 3, 10, 11] . Almost all autosomes had been reported, but acrocentrics are the most commonly involved [2, [12] [13] [14] [15] [16] .
The causative factor of male infertility and spermatogenic failure in Y;A translocation is the disruption of AZF loci by the translocation breakpoint or by a positional effect [17] [18] [19] . Another explanation is the occurrence of spermatogenic arrest due to abnormal meiotic pairing with defective X/Y body (sex vesicle) formation and inactivation of autosomal segment and consequently spermatocyte degeneration [13, [20] [21] [22] [23] .
Case report

Clinical report
A 32-year-old male patient was referred to the endocrinology clinic, Division of Human Genetics and Genome Research, National Research Centre, due to primary infertility and azoospermia.
General examination showed normal male phenotype with a height of 169 cm. The patient had chest hair and normal pubertal growth (P5/A3) and he shaves twice a week. The patient reported normal sexual activity, including desire, frequency of intercourse, erection, orgasm, and ejaculation.
Genital examination revealed normal male external genitalia. Right testicular size was 12 ml and left testis measured 10 ml. The stretched penile length was 9 cm.
Serum hormones revealed values of 12.4 mU/ml for FSH, 6.1 mU/ml for LH, and 4.1 ng/ml for total testosterone. Semen analysis showed repeated azoospermia with normal seminal volume. Trans-rectal ultrasonography revealed bilateral atrophic changes of seminal vesicles. The patient had performed a previous karyotype which showed 45,X pattern. The patient underwent atesticular biopsy, which revealed, upon revision of the histopathology, Sertoli cell-only syndrome, with complete absence of spermatogenic cells.
Conventional cytogenetic analysis
Chromosomal analysis was done for metaphase spreads obtained from cultured blood lymphocytes using GTG-banding technique [24] .
Karyotype description followed the International System for Human Cytogenetic Nomenclature recommendations, ISCN, 2016 [25] .
Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) analysis was carried out with commercial probes according to the manufacturer's instructions. These probes included the following: locusspecific sex-determining region Y (SRY) probe (specific for the SRY gene at Yp11.3); CEP X (DXZ1)/CEP Y (DYZ3) probe set which hybridizes to the alpha satellite DNA at the centromeric region of both X and Y chromosomes; TelVysion Xp/Yp probe (specific for the subtelomeric loci: DXYS 129 and DXYS 153 at Xp and Yp, respectively) (Vysis FISH probes, Abbott Molecular Inc., Des Plaines IL); and short stature homeobox (SHOX) region probe (specific for the short stature homeobox gene) which hybridizes to the SHOX gene region on both Xp22.3 and Yp11.3 and WCP-Y probe (whole chromosome paint Y) (Cytocell Inc., Cambridge, UK). DAPI II was applied as a counterstain for the chromosomes and lymphocyte nuclei. FISH procedure was done following Pinkel et al. [26] .
Genomic DNA extraction DNA was isolated from peripheral blood leukocytes collected on K 2 EDTA inside a vacutainer sterile tube. The procedure was done using QIAamp DNAMini Kit (50 preps), Germany https://www.qiagen.com/eg.
Mapping of Yq classical microdeletions
Investigation of AZFa, AZFb, and AZFc microdeletions was done using six sequence-tagged site (STS) loci ± multiplex PCR analysis according to EAA/EMQN best practice guidelines for molecular diagnosis of Y-chromosomal microdeletions [27] . These STS primers (Table 1) have been shown to give reproducible results in multiplex PCR reactions by several laboratories and in external quality control trials. The used STSs are the most clinically relevant STSs to azoospermia condition.
The testis-determining factor on the short arm of the Y chromosome (SRY gene) was included in the analysis as an internal control for the presence of Y-specific AZF sequences and for absent Y chromosome. A DNA sample from a fertile male, blank (water), and a female was run in parallel with each multiplex PCR as external controls.
Fine Yq microdeletion breakpoint detection
To determine breakpoints of the deleted Y chromosome segments, additional four STSs were used: sY1240, 1251, 121, and 1201, with primer sequence shown in Table 1 .
Results
Chromosome analysis of 50 metaphases showed the presence of a 45,X karyotype with some increase in the satellite size on one of chromosomes 14 and an additional material on one of chromosomes 22: 45,X,14ps+, add (22)(p11) (see Fig. 1 ).
FISH analysis using SRY gene-specific probe showed a positive SRY signal on one of the D group chromosomes. Combined use of SRY and 14q subtelomere probes detected the SRY gene on the short arm of chromosome 14 (Fig. 2a) . Signals for the SHOX gene region (Fig. 2b) and for the telomeric region of Yp and for the Y centromere were detected on 14p.
The Y painting probe revealed a red painting signal on 14p; in addition, a fluorescent DAPI II signal for the Y heterochromatic region was evident on chromosome 22 (Fig. 3) .
Molecular studies confirmed the intactness of the SRY gene and mapping of AZF regions on Y chromosome (Fig. 4) ; Table 1 shows STS primer sequences.
Discussion
Azoospermia is a severe pathology that affects 1% of the male population and accounts for 10-15% male infertility cases. The rate of chromosomal abnormalities ranges from 10 to The involvement of acrocentric chromosomes in Y/ autosome and X/ autosome translocations is explained by the association observed between the sex vesicle chromatin and acrocentric short arm region during male meiosis [30] .
We report on a male with azoospermia and a 45,X karyotype due to Y/ autosome complex abnormality involving the translocation of the Y short arm containing the Yp subtelomere, the stature gene SHOX and SRY gene, in addition to the Y centromere onto the short arm of chromosome 14 with translocation of the Y heterochromatic region onto chromosome 22 short arm. This resulted in the deletion of a large part of the long arm containing AZFa, AZFb, and part of AZFc, documented by molecular analysis.
To our knowledge, only four 45,X males with unbalanced Y;14 translocation were previously reported in literature.
The first two patients were described by Turleau et al. [31] and de la Chapelle et al. [32] ; both had the Yp and the Y centromere translocated onto the short arm of chromosome 14. They presented as a male with azoospermia and a boy with penoscrotal hypospadias and slightly retarded psychomotor development, respectively [33] .
The third case was reported by Dati et al. [2] as a man presenting with infertility and severe short stature (− 4.05 SDS). He had an unbalanced translocation of Yp, including SRY and SHOX genes, onto the short arm of chromosome 14, with complete deletion of the AZF regions (AZFa, AZFb, AZFc). Short stature was explained by deletion of a specific growth gene in the pericentromeric region of Yq.
SRY gene is normally located on Yp11.2, just proximal to the pseudoautosomal region 1 (PAR1), and is the main gene essential for testis formation and male sexual development [34] . This explains the testicular development and the male phenotype of our patient and all reported male patients. SHOX gene is essential for the development of the skeleton and the growth and maturation of bones in the arms and legs. It is located on each of the sex chromosomes (X and Y) in PAR1 at Xp22.33 and Yp11.2, respectively [35] . The preservation of this gene explains the normal height of our patient. It is probable that the region hypothesized by Dati et al. [2] to harbor another gene concerned with growth and stature is not deleted in our patient.
On the other hand, the fourth male with azoospermia and unbalanced Y;14 translocation was reported by Buonadonna [21] . The whole Y was translocated onto 14p with only loss of the genetically inert part, Yq heterochromatin, while all the AZF loci were preserved. Their report supported the hypothesis that infertility in Y/ autosome translocation may be due to meiotic disturbance and spermatogenic arrest.
Another report of a familial translocation of the heterochromatic part of Y chromosome to the short arm of chromosome 14 was described by Buys et al. [36] without phenotypic consequences.
Several molecular studies have shown that three nonoverlapping azoospermia regions on Yq11 euchromatin, designated AZFa, AZFb, and AZFc, are required for normal spermatogenesis and deletion of which leads to spermatogenesis disruption at different phases of the process [18, 37, 38] .
Normal spermatogenesis also requires appropriate X/Y pairing during meiosis, which is hindered by Y/ autosome translocation. In addition, the autosomal part could be included in the sex vesicle with a resulting hypercondensation and inactivation. A subsequent spermatogenetic arrest and apoptotic response will result leading to azoospermia or severe oligozoospermia [10, 20, 21, 23, 39] .
Familial Y heterochromatin/22p unbalanced translocation was reported by Reitalu [40] in a 14-year-old boy presenting with small genitalia and no pubertal signs, while nearly the same 22 abnormality was detected in his normal father and grandmother. Leschot et al. [41] also reported a normal girl with nearly similar abnormality, t(Y;22) (q12;p12/13), inherited from her mother.
On the other hand, a mosaic 45,X/46,X,+ mar karyotype due to a de novo unbalanced translocation, t(Y;22) (q11.2;q11.1), was reported in a male with infertility and azoospermia. The abnormality involved loss of Yq euchromatin containing a large part of AZFb, AZFc, and Yq heterochromatin [42] .
Our translocation is very unique as it involved multiple breakpoints and more than two chromosomes, with deletion of the whole AZFa and AZFb and part of AZFc regions. This explains the complete azoospermia and the total absence of spermatogenic cells in testicular histopathology. Furthermore, the transfer of the PAR1 to chromosome 14 could lead to aberrant sex chromosomal recombination with spermatocyte degeneration.
In patients with AZFa deletion, testicular biopsies show a Sertoli cell-only (SCO) phenotype characterized by the absence of germ cells or by the presence of germ cells in a very small number of seminiferous tubules, which is consistent to our patient's findings. While deletions in the AZFb region lead to pre-meiotic spermatogenic arrest or SCO syndrome and, eventually, azoospermia, it is thus virtually impossible to retrieve mature sperms during testicular sperm extraction (TESE) [18, 43] , which makes our patient not a candidate for TESE and assisted reproduction.
In conclusion, it is very important to characterize the type and extent of Y and autosome rearrangements in patients with Y/ autosome translocation in order to understand the underlying molecular mechanisms and to correlate the genomic alterations with the phenotypic consequences and possible surgical intervention. Our patient report adds a complex Yp/ 14p and Yq/ 22p translocation abnormality to the rare cases previously reported.
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